by the attachm ent t>f electron-repelling groups, since such groups will facilitate expansion of the atomic orbitals and thereby allow increased overlap of the latter without the occurrence of nuclear repulsion.
A quantitative study of the mechanical properties of two-dimensional bubble rafts has been made. The elastic properties have been used to check the theory of the interaction of the bubbles, and reasonable agreement is obtained. The plastic properties are the main subject of this paper. Plastic deformation proceeds by the motion of dislocations, and we have taken advantage of the possibility of making absolutely perfect crystalline rafts to study the production of dislocations. They are produced either in pairs in the body of the rafts, or singly from the edges. The shear strain required to produce them varies from 7° for bubbles of 2 mm. diameter to a fraction of a degree for bubbles of less than 0*5 mm. diameter. The analogy with metals is best for bubbles of about 1*2 mm. diameter; for these the critical shear strain is about 3°. The observed shear strains can be explained in terms of the forces between the bubbles, and so it seems that the very low shear strengths of metallic single crystals cannot be explained in terms of dislocation creation, but must be a consequence of the initial presence of faults of some kind.
I n t r o d u c t io n
In a recent paper entitled 'A dynamical model of a crystal structure ' (Bragg & Nye 1947) an account was given of the behaviour of a model of a metal consisting of an assemblage of bubbles. The bubbles are between 2 and 0*2 mm. in diameter, and are formed on the surface of a soap solution. They are attracted together by capillary forces, and kept apart by the pressure at the interfaces where they touch. They crystallize under the influence of these forces as close-packed hexagonal sheets in two dimensions, and as structures of cubic or hexagonal closest packing in three dimensions. A mass of the bubbles exhibits many phenomena characteristic of metals, such as grain growth after being broken up into a mass of small crystals, and slip by the movement of dislocations when strained beyond the elastic limit. These phenomena were described in a qualitative way.
In the present paper, we attem pt a quantitative treatm ent of the mechanical properties of a two-dimensional sheet of bubbles floating on the liquid surface. The variation with distance of the attractive force between two small bubbles has already been calculated by M. M. Nicolson (1949) . The variation of repulsive force with distance a t the point of contact of two bubbles has been calculated by one of us (W.M.L.). The expressions for these forces make it possible to calculate the deforma tions of a raft subjected to stresses, and so to obtain values for Young's modulus and Poisson's ratio. The calculated values of these quantities are compared with the values determined by experiments wi£h an extended regular raft of bubbles, and it is found th a t agreement is satisfactory, indicating th a t the theory is a good approximation.
We go on to calculate the limiting strain beyond which we would expect the bubble raft to cease to react elastically and suffer permanent deformation due to slip, and to compare the theoretical limit with th a t which is observed experimentally. This comparison is inevitably much less precise than the comparison between the theoretical and experimental values of the elastic constants. The experimental determinations of the strain a t which slip starts vary considerably, as they depend upon the conditions of experiment. Slip may start either by the creation of two dislocations in the interior of a perfect crystal which run in opposite directions, or by a dislocation starting from a weak point a t an edge of the raft. We have calculated upp$r and lower limits for the limiting strain, on certain assumptions which lead to an upper limit about three times as high as the lower limit, and it is found th a t the observed points for bubbles of a range of diameters he between these upper and lower extremes. The agreement is satisfactory to this extent. I t shows th a t the mechanical properties of the two-dimensional raft of bubbles are in accord with what we would expect from the forces determined by the surface tension of the soap solution.
Details of the calculations are given by one of us (W.M.L.) in an accompanying paper, and only the results will be quoted in the present paper, which deals with the comparison between theory and experiment.
F o r c e s b e t w e e n t w o b u b b l e s
The attractive force between two bubbles of equal diameter has been calculated by M. M. Nicolson. In the calculations a simple expression for the curvature of the free liquid surface is used which is equivalent to assuming th a t the square of its slope is small compared with unity; this condition is satisfied to a sufficient approximation for bubbles which do not exceed 2 mm. in diameter. Nicolson's formula for the potential energy V due to the attractive force may be expressed in the form
where T -surface tension, A measurement of the surface tension of the soap solution used in the experiment gave a value of 23 dynes/cm. W ith this value a0 = 1*48 mm., Ta% = 0-0503 erg.
Graphs of the functions K 0 and of Ta\\\r are given in the accompanying paper, and enable V to be calculated for any values of R and d.
In his original calculation of the repulsive force Nicolson assumed th at two bubbles in contact retain a spherical form except a t the flat interface where they touch. -Experimental measurements of the modulus of elasticity of a sheet of bubbles gave values only one-quarter of those calculated on Nicolson's assumption, and a further examination of the conditions for equilibrium revealed the source of the error. The bubbles are distorted from the spherical form when they are pressed together by the attractive forces. The bubbles yield where they touch and expand elsewhere, and the elasticity modulus is less than it would be if this alteration in form were precluded. I t is this yielding which enables the inner surface of the bubble in contact with the liquid to merge tangentially into the flat double-sided film a t the interface. The same condition holds a t the edge of the thin double-walled cap at the top of each bubble. Figure 1 , plate 2, shows the fringes near the rim of this cap; the mean angle of the wedge as indicated by the first few fringes is less than J°. Another consequence of the deformation is th a t the repulsive force between two bubbles for a given value of d depends upon whether only a pair are in contact or whether both form part of an extended raft; it is greater in the latter case because expansion can only take place at top and bottom of each bubble. A recalculation of the elasticity allowing for this distortion gave good agreement with the observed value.
The repulsive force is due to the pressure inside the bubbles acting upon the inter faces. I t is possible to see these interfaces through the film a t the vertex of each bubble, which forms a cap or lid so thin th a t the interface is viewed without optical distortion. A photograph of interfaces is shown in figure 2 , plate 2. The measured diameter of the circular rim of the interface is in good agreement with calculation, and this affords a check on the expression for the repulsive force, and on the calculated value of the attractive force which balances it.
Curves of potential energy for bubbles of different diameters are given in figure 3. I t will be noticed th at small bubbles are considerably more rigid than large ones.
A sheet of bubbles is elastically isotropic because of its hexagonal symmetry. Two elastic constants are therefore sufficient to specify its elastic properties. The most convenient constants to measure are Young's modulus and Poisson's ratio.
To measure Young's modulus, a raft of rectangular shape is formed between two smooth barriers on opposite sides, the other two sides being free. One barrier is attached to pivoted arms so th a t it is free to move; its small gravity-controlled deflexion is used to measure the stress after a calibration with a light rider on a special arm. The other barrier can be moved backwards or forwards, and its dis placement, after a small correction for the yielding of the suspended side, measures the strain. Young's modulus is the ratio of the stress to the strain.
Poisson's ratio may readily be measured by taking two photographs, one of a free raft of bubbles and the other of the same raft which has been compressed or extended as in a Young's modulus measurement. If these photographs are super imposed as in figure 4 , plate 2, a moire effect is produced. If the raft is being com pressed, spacings will be smaller in the direction of pressure, and greater a t right angles to it. For some intermediate angle there will be neither compression nor extension, and this direction is shown by the stripes in the moire pattern. If the slope which they make with the direction of compression or extension is d, it can easily be shown that v -(1 + cos20)/(l -cos 2(9).
Since Poisson's ratio v cannot exceed unity, cos W is always negative. For instance, if Poisson's ratio were unity and the expansion of the raft sideways were equal to its compression in the direction of the applied force, the stripes would be a t an angle 0 of 45°. If Poisson's ratio were zero so th a t no sideways expansion took place, the stripes would be perpendicular to the applied force (6 = 90°). Actually they range around an angle of about 60°. The observed values of Poisson's ratio increase fairly uniformly with bubble diameter, from 0-45 to 0*6 when the diameter increases from 0*8 to 2*0mm. The calculated values fit quite well up to a diameter of 1*5 mm.; after this the approximations of small strains and additive deformations break down and lack of agreement can be expected. I t may be noted th a t if there were independent central forces between the bubbles, Cauchy's relation would give v -0*33. The difference is due to interaction. A bubble which is pressed in a t one point expands a t other points of its surface as has been explained above.
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The calculated and observed values of Young's modulus for different values of It are plotted in figure 5 . The agreement is as good as might be expected, bearing in mind the approximations used in the calculations and the errors of measurement. 
Observations on the origin of dislocations
The experiments on the formation of dislocations in perfect single crystals were carried out using one or other of two types of distortion, either simple uniaxial compression or tension between smooth barriers as in the Young's modulus experi ment, or else shear applied by forming the raft between two parallel springs of pitch equal to the bubble diameter and translating one of them parallel to its length. In both cases we noted the range between the strains in either direction at which slip began.
The latter experiment might at first sight appear to be of the more simple type, but this is not the case. The stresses set up are complicated. For instance, if the free edges of the raft are perpendicular to the springs there can be no shear stress acting along the slip lines where they meet the edges. An edge is therefore not likely to give rise to single dislocations and deformation should proceed by the formation of pairs of dislocations in the body of the raft. The creation of such pairs was in fact observed. Figure 6 , plate 3, shows successive frames from a 16 mm. cinematograph film taken a t intervals of yg-sec. Two dislocations are formed which then run in opposite direc tions to the free edges. The points of creation of the dislocations were in satisfactory qualitative agreement with the positions of the maxima of shear stress as deduced by Inglis (1923) and by Mann (to be published) (see figure 7) .
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Sir The experiment is not suited for quantitative comparison, because of uncertainty as to the exact fit of the rows of bubbles in the space between the springs and con sequent uncertainty of the compression normal to the slip lines. I t did, however, appear th a t slip started a t a fairly definite shear strain whatever the dimensions of the raft. This observation contradicts a statem ent in the previous paper (Bragg & Nye 1947, p. 480) , th a t slip appeared to start when energy was released by its com pletion. I t would now appear th a t this condition was merely true for rafts of the dimensions used in the earlier experiments, and does not hold in general.
More consistent experimental results are obtained when a regular raft is subjected to simple uniaxial compression or extension between smooth barriers. The free edges of the raft were trimmed so as to be perpendicular to the barriers. I t was compressed or extended until slip occurred along one of the lines inclined a t 60° to the barriers. The overall length of the elastic range was measured for various sizes of bubbles. Results were reasonably reproducible provided care was taken to make the free edges straight. Dislocations always started from an edge, never in pairs in the body of a perfect raft. If a point of weakness, such as a small notch, were deliberately made a t one edge it became a very probable origin of dislocations owing to the local stress concentration. Even in such a case, the critical strain was seldom lowered by a factor as great as two. Vacant lattice sites gave rise to pairs of disloca tions in compression, becoming filled up in the process, but their presence had no marked effect on the critical strain. If a dislocation parallel to the barriers happened to be present, it turned on slight compression into two dislocations inclined a t 60° and as compression proceeded these ran away along appropriate slip lines. A fixed boundary reflected a dislocation which ran into it so th a t a single dislocation could cross the whole raft by reflexion backwards and forwards between the barriers. A cinematograph film of these phenomena has been made.* In it a raft of small bubbles is compressed and extended through a range much greater than the elastic range. The dislocations appear as dark lines, because the displacement of the bubbles exposes the blackened bottom of the dish containing the solution. The dislocations can be seen darting about along the slip directions, starting a t points of stress con centration a t an edge, being reflected a t the barriers, being created in pairs a t faults in the structure, or running together and creating a fault, and in fact presenting an animated scene which gives a graphic picture of what may be supposed to be taking place in a strained metal crystal. A series of phenomena of this type is shown in figure 8 , plate 3, which shows three frames taken from the cinematograph film. The raft was being extended in the vertical direction. The V in the lower right-hand corner of figure 8 a becomes a dislocation in figure 86, and this lengthens as the tension increases. Two parallel dislocations in the centre of figure 8a run together to form a complex fault in figure 86, and this develops into two parallel dislocations on a slip plane inclined a t 60° to the first. A dislocation is seen in the bottom left-hand corner which runs towards the edge. In these prints from a positive film the disloca tions appear as white fines.
E xperimental determination of the elastic limit
The measurements of the elastic limit for uniaxial tension or compression are plotted in figure 9 .
The range of strain between a compression a t which slip starts and an extension a t which slip starts is plotted as ordinate against the diameter of the bubbles as abscissa. Table 1 gives the mean shear strain along the slip fines deduced from the compressional and extensional strains. I t must be remembered, however, th at this cannot be simply correlated with the critical shear strain for an infinite lattice, because in this experiment the dislocations start from a free edge. I t is interesting to note how rapidly the critical shear strain diminishes as the bubbles become smaller and behave as more rigid bodies. Table 1 diameter (mm.) 2*0 1*5 1*2 1*0 0*6 critical shear strain (observed) 6-65° 4*7° 3*25° 2-7° 1-1°W e should have liked to have pursued the investigation with still smaller bubbles, but such small strains cannot be measured except with a large raft, and this contains such a very large number of the small bubbles that it is difficult to manipulate into perfect regularity before shrinking and bursting of the bubbles defeats the experi ment. m p a r is o n o p t h e o r e t ic a l a n d e x p e r i m e n t a l 
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VALUES OP LIMITING SHEAR STRAIN
An upper limit to the theoretical value to be expected can be calculated as follows. Let it be supposed th a t when slip takes place, all the bubbles in one row move simultaneously over those in the opposite row on the other side of the slip plane. The initial state of equilibrium of the two rows is represented by figure 10 a, where the spheres are shown as intersecting to indicate the formation of the flat areas of contact of the bubbles which give rise to the repulsive forces. In figure 106 the shearing movement has taken place to such an extent th a t each of the upper bubbles is just losing contact with its lower left-hand neighbour, so th a t the repulsive force has fallen to zero. There is then equilibrium between the shearing force which is drawing the upper row of bubbles to the right, the repulsive forces a t the remaining points of contact, and the internal pressure arising from the attractive forces which is pressing the two rows together. Beyond this point, the upper bubbles may be thought of as sliding over the lower ones up an incline which becomes less steep as shear proceeds, so th at the shearing force diminishes and finally falls to zero when one row is vertically above the other. The shearing force must have attained its maximum value a t the strain corresponding to the point where contact is just being lost as in figure 106 . A crystal uniformly strained beyond this point is unstable; the slightest excess of shear on any one glide plane makes th a t plane weaker than its neighbours, so th a t slip takes place on it<while shear strain is released on the neighbouring planes. The strain calculated in this way therefore represents an upper limit to the elastic range.
The shorter the range of the repulsive force, the lower will be the critical angle of shear. I t is clearly for this reason th a t the critical angle diminishes as the bubbles become smaller and more rigid. In fact, as Orowan has pointed out in discussion, the critical shear strain should be zero for an assemblage of incompressible spheres. This argument is only given in a general way here, and is developed more fully in the accompanying paper.
F igure 10
In the experiment on the critical values of compression and extension the slip started a t an edge, and this has two distinct effects. The attractive forces which give rise to the internal pressure are long range forces as compared with those of repulsion, and hence the internal pressure diminishes as the edge of a raft is approached. The last rows of bubbles atjthe edge are held to the raft by a force which is only a fraction (e.g. 0-3 for 0*6 mm. bubbles) of the attraction across a slip lide in the interior. When considering slip starting from one edge along the line of dashes in figure 10 c, it is to be expected th at it will be controlled by the smaller va,lue of the attractive force between A and the bubbles a t the tip of the wedge B. We have calculated a lower limit to the critical strain on this assumption. The second effect is only operative in compression. I t is shown in the acompanying paper th at a t a certain value of the compression a bubble which is a t the extreme edge of the raft will be squeezed out of position. The movement of a bubble a t an edge is supposed to initiate a dislocation. This process has actually been observed with medium sized bubbles of 1*4 mm. diameter. An example of its occurrence is shown in figure 11 , plate 3. A lower limit has been calculated for the range between the onset of slip in tension and com pression, allowing for the diminution in the attractive force and, in the case of compression, assuming a dislocation to start by the displacement of a single bubble a t the edge.
These upper and lower limits are plotted in figure 9 . I t will be seen th a t points representing the observations lie between the calculated curves in the case of the smaller bubbles, and approximate to the lower limit in the case of the larger ones.
Analogy with metals
To sum up, the observed strength of a perfect bubble raft is in agreement with the 'theoretical strength', calculated in terms of the forces between the bubbles. The observed critical strains, which may be quite low for small bubbles, are not the consequence of pre-existent dislocations or special points of weakness. An irregular edge or vacant lattice site lowers the limit, but not to less than half its value for the perfect raft.
We undertook this investigation in an attem pt to cast some light on the factors which determine the yield point in a metal. I t is interesting to note th a t the critical yield strain may be quite low in the bubble model. We have observed values as low as 1° for bubbles of 0*5 mm. diameter; an extrapolation of our curve indicates th a t the critical angle for an infinite raft of bubbles of 0*15 mm. diameter would be about 13 min. of arc. This value is not far from the critical shear strain in copper which has been hardened by cold-work, which is about 10 min. of arc according to Taylor & Quinney (1934) .
However, the comparison is not as promising as this correspondence might in dicate. In the first place, our experiments have been made with a perfect raft. Comparison ought to be made with a single crystal of copper which yields for almost vanishingly small values of stress. In the second place, critical strains of the order of a degree or less are only observed with very small bubbles. I t is shown in p art I I I th a t the forces between copper atoms in copper metal correspond most closely to those between bubbles of 1*2 mm. diameter. This correspondence is arrived a t by choosing a diameter for the bubbles which gives the closest correspondence between its law of repulsive force and the calculations of Fuchs on the variation of repulsive force with interatomic distance for copper ions. The critical shear strain for bubbles of l*2mm. diameter is 3-25°, a value some twenty times greater than the value even for hardened copper.
Since bubbles of quite large size best represent the metal atoms, and such bubbles have quite high values of critical strain if the crystal is essentially perfect, it would appear unlikely th a t stresses cause a metal to slip by creating dislocations in an initially perfect structure.
Measurements on the properties of rafts containing dislocations are not as profit able as might be thought. The bubbles have effectively no mass, and therefore a dislocation has no kinetic energy. The main method of energy dissipation is by work against viscous forces, whereas in a metal it is presumably by the radiation of elastic waves. Experiments to determine the minimum strain required to move a disloca tion have not been successful. The viscosity determines the rate fit which a disloca tion proceeds. Smaller strains cause it to move a t even slower rates, and the experi ment is rendered impossible by the time limit imposed by the shrinking and bursting of the bubbles.
We therefore cannot consider the bubble model as representing the dynamic behaviour of a real lattice, quite apart from its disadvantage of being two-and not three-dimensional. We nevertheless consider th a t its behaviour is interesting, if only because it shows th a t calculations of the 'theoretical strength' lead in fact to values in good accord with observation. F ig u r e 8. Three frames from 16 mm. film of raft being extended.
F ig u r e 11. Squeezing out of edge bubbles of a raft in compression-the first stage in the formation of a dislocation (illuminated from below).
